Neutron detectors are used in a myriad of applications-from safeguarding special nuclear materials (SNM) to determining lattice spacing in soft materials. The transformational changes taking place in neutron detection and imaging techniques in the last few years are largely being driven by the global shortage of helium-3 ( 3 He). This article reviews the status of neutron sensors used specifically for SNM detection in radiological emergency response. These neutron detectors must be highly efficient, be rugged, have fast electronics to measure neutron multiplicity, and be capable of measuring direction of the neutron sources and possibly image them with high spatial resolution.
3 HE PROPORTIONAL COUNTERS
The gas 3 He in pure form is commonly used as a detection material for thermal neutrons through the 3 He(n, p) 3 H reaction. For reactions induced by slow neutrons, the Q-value of 765 keV leads to oppositely directed reaction products with energies E p = 574 keV and E 3H = 191 keV. The thermal neutron cross section for this reaction is 5330 barns (at 1 MeV the cross section is 1 barn), significantly higher than that for the competitive boron reaction, and its value falls off with increasing incident energy.
These proportional counters also detect gamma rays, and have to be discriminated against on the basis of amplitude. The primary interaction of gamma rays with the counter is at the tube wall. There is very little interaction with the gas because of its low density or with the anode wire because of its small volume. Most of the interactions result in the ejection of a Compton electron from the tube wall. These electrons also cause ionization of the gas; however, because their energy transfer process is slow (e.g., a 500 keV electron loses all of its energy in about 3.5 m) they produce relatively fewer ion-electron pairs than those from the 3 He reaction. Thus, the signal generated at the anode is small. A typical differential pulse height spectrum from a 3 He tube in which the wall effect is significant is shown in Figure 1 . Figure 1 . The pulse height spectrum from a 6′ long 2″ diameter tube containing 3 He pressurized to 3 atm.
HIGH-PRESSURE 4 HE NEUTRON SENSOR FOR HIGH-ENERGY NEUTRON DETECTION
Neutron detection and counting so far have always been performed with 3 He because of its very large absorption cross section for thermal neutrons (5330 barns). This easy success has stunted the developmental growth of techniques and exploitation of fast neutrons (which have longer mean free paths, larger standoff detection ranges, and more penetrability and escape probability from both high-and low-Z shielding materials). Also, fast neutrons help image the source better. The current project will utilize ultra-pure 4 He under high pressure (200 bars) to effectively use the fast decaying scintillation light produced in the vacuum ultraviolet range (λ ~ 60-80 nm) to build a prototype neutron detector/counter. 4 He, like most inert gases, is a fairly good scintillator, with a light yield on the order of NaI crystals. Approximately 18000 vacuum ultraviolet (VUV) photons are produced per MeV energy deposited by neutrons in 200 bar 4 He. 1 These fast neutron detectors will achieve better minimum detectable limit (MDL) for neutron sources. It has been shown they will have lot less false alarm rate than proportional counters because of the inherent lower background rates of neutrons around 1 MeV (0.06 cps) than those at thermal energies.
2 This ultra-low background count rate makes the proposed system an excellent search tool for radiological emergency response purposes. The time resolution of thermal neutron detectors is limited due to the process of neutron moderation. Fast neutron detectors, having a time resolution of ~2 ns can offer shorter time gating windows, thereby allowing more precise rejection of spallation/ship-effect neutrons. Fast neutron detectors can further afford rejection of ship-effect neutrons on the basis of energy whenever the detected signal indicates a neutron's energy to have been above those energies typical for fission sources. The calculated interaction efficiency for a 125 cm 2 area of 4 He gas system is 9% at 1MeV of incident neutron energy. A few of 4 He tube array fast neutron detectors are shown in Figure 2 .
The detection of VUV photons is a challenging problem. These photons are strongly absorbed by nearly all materials used for visible optics, but they are not energetic enough to be treated calorimetrically like x-rays or gamma-rays. Although the different studies do not agree on the optimal thickness of deposition, is known that it has to be more than 0.5 mg/cm 2 to optimize the quantum efficiency and less than 2.0 mg/cm 2 in order to allow its emission to pass through the tetraphenyl butadiene (TPB) deposited layer. 3 The proposed neutron detector is in direct competition with liquid scintillator and new plastic (invented at LLNL and being manufactured by Eljen Technology, marketed as EJ-299-33). The directly measured n/γ PSD properties for time profiles show plastic scintillators exhibiting better performance than liquid scintillator at low energy, but it is hard to obtain 1:10 5 gamma rejection ratios. In a helium-based system 1:10 7 rejection ratio is possible. 4 This is primarily because the energy loss of recoiling Compton electrons at 200 bar of 4 He gas is 40 times lower than in a liquid scintillator; also, light yield of /n is high in organic scintillator but low in 4 He because of inefficient recombination of electron-ion pairs. Neutran Energy (om) Figure 2 . From l. to r.: Mean free path of neutron in different media for a wide range of neutron energy showing the special case of 4 He at 1 MeV, an 8 element 4 He array with containment, a prototype 4 element array being worked on.
BACKGROUND OF SOLID-STATE NEUTRON DETECTOR
Semiconductor neutron sensors are commonly hetero junction diodes that use neutron converter materials like 6 Li, 10 B, etc., that produce charged particles or energetic photons on interaction with the incident neutrons-there are several ways these conversions take place:
1. Planar diode. A thin layer of converter material is used on top or bottom of the diode; sometimes it can be used as sandwiched materials also to increase the neutron conversion. The goal is to create charged particles or energetic photons that would escape out of the converter layer and deposit their energy in the semiconductor layer creating unambiguous electronic pulses. 2. Pillar or trench type diode. Converter materials such as 10 B at a nano-scale could be loaded, maintaining high aspect ratio using chlorine-based reactive ion etching (RIE). 3. Si-diode with etched 10 B as dopant. These diodes are more efficient than nominal planar converter blankets but pillar or Trench masked diodes are the best in terms of dopant concentration. 4. Nanotubes (made of CdTe or 60 C) covered inside with neutron converters. These nanotubes can have unprecedented high aspect ratios that are orders of magnitude more than pillar diodes.
Efficiency comparison
Solid-state neutron sensors traditionally do not have the sensitivity of the 3 He tubes primarily because they are such small devices. Newly developed perforated semiconductor neutron detectors are compact diode detectors that operate at low power and can be designed to have high thermal neutron detection efficiency. Fabricated from high-purity Si wafers, the perforations are etched into the diode surface with Inductively Coupled Plasma (ICP)-RIE and backfilled with 6 LiF neutron reactive material. The intrinsic thermal neutron detection efficiency depends upon many factors, including the perforation geometry, size, and depth. Devices recently fabricated from high-resistivity 10 kcm n-type Si with conformal p-type shallow junction diffusions into the perforations, demonstrated improved neutron detection performance over previous selectively diffused designs. A comparison was made to previous selectively diffused designs, and pulse height spectra show improved signal-to-noise ratio, higher neutron counting efficiency, and excellent gamma-ray discrimination. Devices with 2 µm wide (average) 100 m deep sinusoidal trenches yielded intrinsic thermal neutron detection efficiencies of 11.94 ±0.078%. With deeper perforation and tighter perforation matrix the efficiency could go as high as 30%. However, the recent use of pillar and trench diodes (being currently worked at Lawrence Livermore National Laboratory) promises neutron detection efficiency higher than 70%. Table 1 compares the operational characteristics between pressurized 3 He gas tubes and modern pillar structured solid state neutron sensor. LiF are frequently used as conversion layer materials because of their stability, large thermal neutron cross-sections, and primary reaction products. In the case of 10 B, the primary reaction products generated by neutron absorption are alpha particles (1.47 MeV) and 7 Li ions (840 keV). When a nuclear reaction occurs in the 10 B conversion layer, these charged particles will travel into the semiconductor material where they can create electron-hole (e-h) pairs. Since the detector is typically operated under reverse bias, electron-hole pairs generated inside of or within a diffusion length of the space charge region are separated by the externally applied electric field and collected at the contacts. To enhance the charge collection efficiency and response time of the planar conversion layer detector, a p-i-n diode can be used in place of the p-n junction.
In addition to the efficiency limiting conversion layer thickness, the planar geometry of the device restricts the primary reaction products available to contribute to electron-hole pair generation to 50%. For most isotopes used for conversion layer materials, the two charged particles released from nuclear reactions are emitted at 180 degrees relative to one another which means that only one reaction product has the ability to reach the semiconductor and create electron-hole pairs.
Despite major advances in semiconductor material growth and processing technologies over the last 60 years, when the first planar conversion layer thermal neutron detector was reported, the maximum detection efficiencies for semiconductors coated in 10 B or 6 LiF have not exceeded 5%. When compared with the greater than 70% thermal neutron detection efficiency for 3 He gas detectors, planar conversion layer semiconductor detectors are generally considered a non-viable approach to alternative thermal neutron detection.
However, recent developments in innovative 3-D semiconductor detector designs using photolithography and deepreactive ion etching (DRIE) have renewed interest in semiconductor-based technologies for high efficiency thermal neutron detection. Figure 2 provides a typical cross-section of a pillar semiconductor detector design. By filling the regions between the semiconductor pillars with a neutron reactive material, these 3-D designs aim to overcome the geometric constraints that limit planar converter layer devices. By increasing the converter material thickness, these designs can achieve maximum neutron absorption and while simultaneously providing the reaction products with a reasonable pathway to escape into the semiconductor.
For 3-D detectors, both the diode and conversion material dimensions are important design parameters. Optimized Si pillar designs using 10 B are theoretically predicted to reach over 75% thermal neutron detection efficiency. Unfortunately, achieving high aspect ratio etching and conformal converter material deposition have proven to be challenges that have so far limited detector efficiencies to ~20%. However, a significant research effort is currently being made to address these issues and move closer to realizing theoretical detection efficiencies. If these high detection efficiencies can be achieved, semiconductor-based thermal neutron detection devices may one day be a potentially viable alternative to 3 He detectors.
4.

B-COATED, THIN "STRAW" NEUTRON DETECTOR
In our current studies on neutron detection techniques, without using 3
He gas proportional counters, we designed and developed a portable high-efficiency neutron multiplicity counter (NMC) using 10 B-coated thin tubes called straws. The detector was designed to perform like commercially available fission meters (manufactured by Ortec Corp.), but instead of using 3 He gas as a neutron conversion material, we used a thin coating of 10 
B.
A straw neutron detector is a narrow copper tube (4 mm in diameter and 2 mil thick) coated inside with a very thin (1 µm) layer of 10 B that works as a proportional counter when biased with a high voltage. A collection of closely packed straws embedded in a high-density polyethylene moderator forms a panel detector that provides high detection efficiency, large solid angle, and enough spatial resolution for it to be useful as a neutron imaging system. Proportional Technologies, Inc. manufactured the panels used in this research.
The physical characteristics of the two-panel straw NMC are listed in Table 2 . The two panels have a different number of straws, but they have the same effective lengths (50 cm), widths (40 cm), and thicknesses (6.25 cm). With a 12 VDC power input, each of the NMC panels individually generates one each of an analog pulse and one transistor-to-transistor (TTL) pulse. The TTL output is about 500 ns wide and 3.3 VDC in amplitude. The two TTL outputs could be summed up electronically so that the NMC works as a single unit for neutron counting purposes. The TTL pulses were fed to the field-programmable gated array (FPGA) input, a single board reconfigurable input/output system personal computer board. The data acquisition software to control the FPGA sorts and time stamps counts neutrons in list mode. The NMC is shown in Figure 3 . A simple way to characterize a count distribution is the variance-to-mean ratio R given by
where ̅ is the first moment and ̅̅̅̅ is the second moment of the count distribution. For random Poisson distribution this ratio is 1, but for correlated events an excess of variance can be defined as Y2F = (R -1)/2. The NMC is used in characterization mode to determine the excess of variance from Poisson distribution in neutron counting statistics. Characterization data contain the counts of a progressive 40 × 512 elements matrix (up to 40 multiplets are kept for each time gate width, ranging from 1 to 512 µs) from which the statistics for Y2F, Y3F, and Y4F are built. Their corresponding asymptotic values, namely R2F, R3F, and R4F, respectively, are determined at the end of the 512 µs gate. The algebraic operations involved in calculating the Feynman variances are lengthy and cumbersome. The fission parameters calculated from the characterization data (obtained from the two-panel NMC using a 2 µCi 252
Cf source in close proximity) are tabulated below in Table 3 . 
DUAL-RESPONSE (ELPASOLITES, 6 LiI(EU) AND SINGLE-CRYSTAL DIAMOND (SCD) SCINTILLATORS
Elpasolites are a large family of halide scintillators that have recently attracted considerable interest for radiation detection. Scintillators, in general, are an important class of materials that can emit light when excited by radiation. This property leads to the use of scintillators as means of detecting x-and γ-rays and neutrons. There are many desirable properties for a scintillator material, such as high density (for large radiation stopping power), high light output and energy resolution, fast decay time, and the availability of large single crystals. These properties are related to the fundamental material properties, i.e., band gap (important for the light output), carrier transport efficiency (relevant to scintillation decay), and optical, chemical, and structural properties.
Scintillators for dual gamma and neutron detection are also required not only to detect gammas and neutrons and their energy spectra, but also reliably distinguish between them and reliably distinguish their angle of origin. Although there have been materials that can detect both types of radiation and provide some information about the nature of the detected particles, so far none of them did so well enough that would allow for their practical and wide usage. This can now be done with Elpasolites using pulse height or, even better, pulse shape discrimination. The latter is preferable since it allows for energy spectra generated by both types of radiation to overlap each other, which is often the case. The physics problem reduces down to separating light output of photons (-energy) from that of other charged particles, primarily alphas, that are an indirect product of neutron interaction 6 Li(n, ) 3 H.
Recently, a new class of materials belonging to the Elpasolites has been introduced that appears to be very promising for dual gamma and neutron detection. The first material from this family that was considered for this purpose is Ce-doped Cs 2 LiYCl 6 (CLYC 9 Glodo 2008 10 ).
It was shown that this material is capable of providing effective pulse shape discrimination. CLYC also exhibits a very good energy resolution, better than that of NaI(Tl), as good as 4.3% at 662 keV. 10 While excellent material, there are other Elpasolite crystals that demonstrate even better energy resolution than CLYC due to their higher light yield. One of these materials is Ce-doped Cs 2 LiLaCl 6 (CLLC), luminescent properties of which were already studied by Rodnyi et al. 11 They showed that in addition to Ce 3+ emission, the crystal also shows core-to-valence (CVL) luminescence and measured its decay time to be 1.4 ns. The main advantage of CLLC over CLYC is its higher light yield. While CLYC exhibits approximately 20,000 ph/MeV, the light yield of CLLC can be as high as 35,000 ph/MeV. As a result, this material shows better energy resolution for gamma-ray spectroscopy. At 662 keV the full width at half maximum was measured to be as good as 3.4%. This FWHM value is better than energy resolution provided by CLYC and significantly better than that given by NaI(Tl). The presence of 6Li in the crystal structure allows detecting thermal neutrons. The gamma equivalent energy (GEE) of the neutron full energy peak is ~3 MeV. With such high GEE value, the gammaneutron discrimination can be easily achieved using pulse height discrimination in the case of gamma energies lower than 3 MeV. Since CLLC, as CLYC, exhibits the ultra-fast CVL emission that is present only under gamma excitation, effective pulse shape discrimination is achievable. 
COMPLEX NEUTRON-ABSORBING BORATES
Recently a class of borates containing 6 Li, gadolinium, and yttrium has been developed in sufficient quantity to provide very large sensitivity to thermal neutrons. These scintillators offer the ability to tailor their response to the neutron spectrum by varying the isotopic composition of the key constituents (lithium, gadolinium (yttrium), and boron). All three of the constituent elements possess large neutron capture cross section isotopes for highly exothermic reactions. 
NEUTRON MEASUREMENT WITH UO 2 SEMICONDUCTOR DIODE
Recently at NSTec a few single-crystal UO 2 surface "diodes" have been fabricated and successfully tested for neutron sensitivity, with the results indicating that UO 2 holds some potential as a direct-conversion neutron detector material. A background spectrum and the spectrum collected near a 252 Cf (spontaneous fission neutron) source for the phosphorousdoped sample are shown in Figure 5 . Spectra for the other samples tested look similar to that shown in Figure 5 and the spectra were very consistent across several integrations. There is clearly a significant difference between the two spectra with the 252 Cf source spectrum exhibiting higher energy pulses.
MICROCHANNEL PLATES (MCP) FOR NEUTRON IMAGING
The MCP detector itself is a thin glass wafer, 2 mm thick, composed of a proprietary boron-enriched glass material containing millions of 8 μm pores. Each pore acts as an independent electron multiplier when 1000 to 2000 V is applied across it. MCP technology, originally developed for the military, is very well-known and mature, and is the key amplifier component in military night-vision goggles. The thin glass slab (shown in the Figure 6 ) containing 10 B absorbs neutrons, releasing energetic 7 Li and 4 He ions. The glass surface has a cesium coating that lets electrons out when the two positive ions exit the slab. The electrons are swept by an electric field and collected. The electric pulse records a neutron. The glass slab could either be a wall of honeycomb (MCP) or fine glass threads (fiber mat). The large surface gives many opportunities for the neutrons to be absorbed. An MCP can make this neutron detector more efficient than common, expensive 3 He detectors. 
CONCLUSION
Neutron detection is a very important part of radiological emergency response. Detection systems with large standoff distances are required. It is also imperative to detect the presence of fissile materials from neutron detection. 3 He-based proportional counters are irreplaceable in terms of their efficiency; semiconductor neutron sensors are gaining importance and credibility but the efficiency is still low for field deployable devices. The recent development of pulse shape discriminating plastics EJ-299-33 has the potential to provide large solid angle, ruggedization, high-rate counting and multiplicity determination. Specialized neutron detection system targeted for particular neutron energy can be of some use in detecting prompt neutrons from fission process.
